Background: Human milk provides all essential nutrients necessary for early life and is rich in nonnutrients, maternally derived (host) cells, and bacteria, but almost nothing is known about the interplay among these components.
Human Milk

Background
Researchers have long known that human milk contains immune cells presumably involved in protecting the mammary gland and infant from infection. First described in 1837 by Donné, the majority of cells in milk have historically been identified as leukocytes (Brooker, 1980; Ho, Wong, & Lawton, 1979; Smith & Goldman, 1968) , although recent reports suggest that they may be of mesenchymal origin, providing a rich source of multipotent stem cells (Cregan et al., 2007; Hassiotou et al., 2012; Patki, Kadam, Chandra, & Bhonde, 2010; Sani et al., 2015) . Work from Hassiotou and colleagues (2013) has also suggested that both maternal and infant infection can stimulate a rapid increase in leukocytes in milk. This finding, combined with decades of research showing increased milk somatic cell counts (SCCs) during mastitis in both cows and humans, supports a dynamic and responsive relationship among maternal health, infant health, and distribution/concentration of milk-borne cells (Dufour, Fréchette, Barkema, Mussell, & Scholl, 2011; Kvist, 2010) . However, aside from maternal and infant infection, very little is known about factors related to variation in cell count and distribution found in mature human milk.
Moreover, cells of human origin do not constitute the only cells in milk. Indeed, growing evidence from our laboratory and others Hunt et al., 2011; Jeurink et al., 2013; Jost, Lacroix, Braegger, & Chassard, 2013; Kumar et al., 2016) suggests that milk is a probiotic fluid supplying a rich and diverse community of bacteria (McGuire & McGuire, 2015) . In general, available literature suggests a
Key Messages
• • Human milk contains a complex mixture of nutrients, nonnutritious substances, immune and other types of host cells, and bacteria. Although it is likely that variations in these components are interrelated, almost nothing is known about these associations. • • Our findings suggest that variation in the cell profile in human milk is associated with that of the bacteria, therein. • • Concentrations of several nutrients and human milk oligosaccharides may also be related to maternal and bacterial cell profiles.
high level of variation in microbial community structure among women but a relatively consistent distribution of bacterial taxa within a woman (Hunt et al., 2011) . Although almost nothing is known about factors related to this variation, we posit that a complex, bidirectional relationship exists between immune cells and the bacteria in the healthy mammary gland. In support of this hypothesis, several studies have shown that complex interactions exist between host immune cells and microbiota in the gastrointestinal (GI) tract and that this may be necessary to maintain GI homeostasis (Ivanov & Littman, 2011; Kabat, Srinivasan, & Maloy, 2014; Walker & Iyengar, 2015) . Although the innate immune system's response to bacteria in the mammary gland of the dairy cow has been examined, most work has focused on interactions related to inflammation (Alnakip et al., 2014; Rainard & Riollet, 2006; Sordillo & Streicher, 2002) . As such, almost nothing is known about interactions between microbiota in "healthy" milk and the mammary milieu. Interactions between host and bacterial cells in milk may also be influenced by the presence and/or concentration of various human milk oligosaccharides (HMOs), which may influence milk's bacterial communities and immune cell populations by favoring the growth of specific genera (Garrido, Dallas, & Mills, 2013; Hunt et al., 2012) , acting as "decoy" ligands to decrease attachment of certain bacteria (Morrow, RuizPalacios, Jiang, & Newburg, 2005) and altering platelet-neutrophil-mediated inflammation (Bode, 2012; Bode, Rudloff, Kunz, Strobel, & Klein, 2004) . Understanding biological and environmental factors related to the cellular composition of human milk is an important piece of the complex puzzle by which lactation and breastfeeding influence maternal and infant health. To our knowledge, however, relationships among human milk host-cell content, human milk microbial profiles, and milk macronutrient compositionincluding HMO profiles-have not been investigated.
The main objective of this study was to relate variation in milk-borne, maternally derived cell populations to variations in milk microbial ecology and HMO profiles. In addition, we explored potential relationships with milk protein, lipids, and fatty acids, which may serve as metabolic substrates for bacterial growth.
Methods
Design
This research was conducted as a prospective, longitudinal, observational study during which five milk samples were collected from each woman at weekly intervals. The Washington State University and University of Idaho institutional review boards approved all procedures, and written, informed consent was obtained.
Setting
Breastfeeding women (N = 16) were recruited from Moscow, Idaho; Pullman, Washington; and the surrounding area, located in the northwestern inland region of the United States, and samples collected between May and December 2006.
Sample
To be eligible, women had to be self-reported healthy, at least 18 years of age, and breastfeeding or expressing milk at least five times daily. Information concerning general health, demographics, and weight (Seca ® Alpha, Model 770; Seca, Hamburg, Germany; ± 1.0 g) was collected during the week prior to the first sampling day; confirmation of health status occurred at each sampling period. Details of the sample collection have been described previously (Hunt et al., 2011) . Briefly, milk was obtained from the same breast between 0700 and 1100 hr, and women were asked to have not fed or expressed from the study breast for at least 2 hr prior to sample collection. Before sample collection, the breast was cleaned with an iodine swab. A complete breast expression was collected using a single-use, sterile, collection kit (Hygienikit ® ; Ameda, Cary, IL) and an electric breast pump (Model SMR-B-R; Ameda-Egnell, Inc.); milk was immediately placed on ice.
Measurement
The microbial community compositions of a subset of samples used in the present analysis were previously described, and the methods used here are the same as those described in this earlier report (Hunt et al., 2011) . Briefly, DNA was extracted from each sample, and polymerase chain reactions were carried out to amplify the V1-V2 hypervariable region of the bacterial 16S rRNA gene. Pyrosequencing was performed with the Roche 454 FLX platform, and sequences were assigned a taxonomic name at the genus level using the Ribosomal Database Project Bayesian Classifier (Wang, Garrity, Tiedje, & Cole, 2007) . Bacterial taxa were individually categorized as gram-positive or gram-negative using previously published reference material (Bergey & Breed, 1957; Gupta, 1998; Woese, 1987) .
Somatic cell counts were determined in triplicate on fresh milk (DeLaval ® DCC; DeLaval, Tumba, Sweden). Cytospin smears were prepared in triplicate with 1.6 × 10 5 cells/slide. Following enumeration of cells via SCCs, an appropriate amount of milk was centrifuged at 500 × g for 20 min at 4°C. The fat layer was removed and cells washed using 1 ml 0.1% bovine serum albumin (BSA) in phosphate-buffered saline (PBS; Mediatec Inc., Herndon, VA). This suspension was centrifuged at 500 × g for 10 min at 4°C, the supernatant aspirated, and the cell pellet gently resuspended in 0.1% BSA in PBS at a final concentration of 1.6 × 10 5 cells/50 µl. The loading chamber of a cytofunnel was preloaded with 30 µl of 22% BSA in PBS and then followed with 50 µl of the resuspended cell pellet. Slides were centrifuged for 4 min at 1000 rpm using the medium setting on a cytocentrifuge (Cytopro ® 7620; Wescor Inc., Logan, UT), air-dried, stained with Wright-Giemsa stain (VWG-032; Volu-Sol Inc., Salt Lake City, UT) for 3 min, placed in stain-primed hematology buffer (VWB-032) for 5 min, rinsed with water, and allowed to dry. Using light microscopy, 200 cells were counted on each slide and classified as macrophage/epithelial cells (excluding squamous epithelial cells), neutrophils, lymphocytes, eosinophils, basophils, or "other" (e.g., squamous epithelial cells and bare nuclei). It is noteworthy that, because macrophages and secretory epithelial cells are visually indistinguishable using this staining method, they were grouped together as macrophage/secretory epithelial (MSE) cells.
Lipids were extracted from 1 ml of milk using 2:1 chloroform:methanol, and percentage lipid was determined in duplicate gravimetrically (Clark et al., 1982) . Lipids were methylated using base-catalyzed transesterification (Christie, 1998) , and fatty acid methyl esters were analyzed on a gas chromatograph (Hewlett-Packard 6890 series with auto injector) fitted with a flame-ionization detector and a 100 m × 0.25 mm (0.2 µm film) capillary column coated with CP-Sil 88 (Chrompack, Middelburg, The Netherlands). After sample injection, the oven temperature was initially held at 70°C for 3 min; increased to 175°C at 3°C/min and held for 3 min; increased to 185°C at 1°C/min and held for 20 min; increased to 215°C at 3°C/min; and then increased to 230°C at 10°C/min and held for 5 min. Protein was analyzed in duplicate using a modification of the methods described by Lönnerdal, Woodhouse, and Glazier (1987;  Bio-Rad protein assay kit II; Bio-Rad, Hercules, CA). Milk lactose was analyzed in duplicate using modified spectrophotometric methodologies described by Polberger and Lönnerdal (1993) . Human milk oligosaccharide concentrations were determined on a single sample for each woman as previously described (Jantscher-Krenn et al., 2012) and are presented as µg/ml, nmol/ml, and relative percentages. Total HMOs were calculated as the sum of 2'-fucosyllactose (2'FL), 3-fucosyllactose (3FL), 3'-sialyllactose (3'SL), lacto-N-tetraose (LNT), lacto-N-neotetraose (LNnT), lacto-N-fucopentaose I (LNFP I), lacto-N-fucopentaose II (LNFP II), and lacto-N-fucopentaose III (LNFP III).
Data Analysis
Generalized linear mixed models were used to conduct the statistical analyses and investigate the relationships between time and concentrations of immune cells and macronutrients. Generalized linear mixed models assumed a lognormal response distribution with time as a fixed effect, participant as a random effect, and an autoregressive [AR(1)] variancecovariance error structure. Spearman-rank correlation coefficients were employed to evaluate associations among cellular content and other milk components such as relative abundances of microbiota, milk protein, milk lipid, milk fatty acids, and HMOs; significance was declared at p < .01, and trends were noted at p < .05. Average-linkage hierarchical clustering was performed on a Bray-Curtis dissimilarity matrix to explore the similarity of milk cellular composition within a participant across samples. Whereas various multivariate methods were initially considered for evaluating patterns and structure of milk profiles among women, the results for canonical correlation analyses (CCA) are reported here. These analyses explore potential correlations between linear combinations of bacterial taxa responses and the associated host cell profiles, thereby providing insight into possible broader scope relationships within the overall data. Spearman-rank correlations, generalized linear mixed models, and multivariate procedures such as CCA were carried out using SAS (version 9.4; SAS Institute, Cary, NC); hierarchical clustering was conducted using the stats, vegan, and gplots packages in R (http://www.r-project.org/) and Seed software (Beck, Dennis, & Foster, 2015) .
Results
Participants and Disposition of Samples
Descriptive statistics concerning the participants are summarized in Table 1 . In general, participants were ~32 years of age, multiparous, and ~5 months postpartum at enrollment. All participants completed the study; however, one did not provide one of the weekly samples.
Somatic Cell Counts and Maternal Cell Concentrations
Mean SCCs, relative maternal cell distributions (% total), and absolute maternal cell concentrations (cells/ml) are provided in Table 2 . Figure 1 depicts the relative abundances of the various host cell types in all of the milk samples. On average, the most abundant group of cells was MSE (47.1%), followed by neutrophils (29.5%), lymphocytes (16.2%), and eosinophils (3.8%). Somatic cell count was positively associated with absolute concentration of neutrophils (r = .81, p < .0001), lymphocytes (r = .62, p < .0001), and MSE (r = .62, p < .0001). Lymphocyte concentration was positively associated with that of neutrophils (r = .31, p < .005) and MSE (r = .67, p < .0001).
Using the generalized linear mixed model analysis of variance, there were no significant effects of time on absolute concentrations or relative abundances of host cell types (MSE, neutrophils, lymphocytes, and eosinophils). All p values were between .18 and .69.
Qualitative analysis of the slides coupled with cell content data suggested that each participant's milk samples could be collectively categorized into one of four classifications: A representative time course of slides prepared from milk collected from 4 of the women (1 from each category) is shown in Figure 2 . Using this qualitative scheme, milk from 10 participants could be categorized as MSE, 2 as MSE/neutrophil, 2 as neutrophil, and 2 as unique. Some squamous epithelial cells were also observed, as were several binucleated cells (see Supplementary Figure 1 ). Relative cellular composition data were also analyzed using hierarchical cluster analysis based on Bray-Curtis dissimilarities and the average linkage algorithm (see Supplementary Figure 2 ). This analysis suggests, quantitatively, that complex cellular profiles are somewhat similar within a woman over time, although the clustering was not entirely consistent in this regard.
Milk Macronutrients and Microbes
Mean milk protein, lipid, lactose, and fatty acid concentrations are provided in Table 3 . Values were well within what would be expected for milk produced by healthy women (Jensen, Hagerty, & McMahon, 1978; Mitoulas, Gurrin, Doherty, Sherriff, & Hartmann, 2003; Nommsen, Lovelady, Heinig, Lönnerdal, & Dewey, 1991) and were stable over the study. Concentrations of each HMO are presented in Table 4 ; these, too, were typical of what would be expected (Chaturvedi et al., 2001; Smilowitz et al., 2013) . Relative abundances of the most common bacterial members (≥ 0.5% of identified taxa) are provided in Table 5 , and the relative abundances of the top 20 genera are depicted in Figure 3 . At the genus level, Streptococcus (26.7%) and Staphylococcus (18.1%) were most abundant; these, too, are similar to other published data (Boix-Amorós, Collado, & Mira, 2016; Jost et al., 2013) .
Associations Among Milk Constituents
A series of heatmaps illustrating associations between bacteria, maternal cells, HMOs, and macronutrients is provided in LNT concentration was negatively associated with SCC (r = -.64, p = .0082) and MSE (r = -.68, p = .0038). LNnT was also inversely associated with MSE (r = -.65, p = .0067).
• • Relationships between HMOs and bacterial cells:
Total HMOs and 2'FL were positively associated with relative abundance of Staphylococcus (r = .69, p = .0034; and r = .67, p = .0045, respectively). 3'SL was inversely associated with relative abundances of Ralstonia and Novosphingobium (r = -.63, p = .0094; and r = -.78, p = .0003, respectively).
Multivariate Analysis of Milk Cell Composition
Because there were no observable effects of time on host cell types, samples across time were used as replication and data from all samples were used in the CCA. Canonical correlations between milk cells and bacterial communities provided evidence of complex relations. For example, looking at maternally derived cells (relative abundances of MSE, neutrophils, lymphocytes, and eosinophils) and the six most abundant bacterial genera (Streptococcus, Staphylococcus, Corynebacterium, Serratia, Pseudomonas, and Propionibacterium) , one relationship with a canonical correlation of .63 (p = .0002) was notable and accounted for 69% of the variability (see Supplementary Figure 3 ). This complex relationship, however, involved mainly neutrophils from the maternal cells and Staphylococcus and Streptococcus from the bacterial genera as indicated by the greater canonical correlation coefficients in Table  6 . Examining the relationships in the correlations and cross-correlations of the canonical axes, host cell types, and bacterial canonical axes identified four primary contributors, mainly, the MSE and neutrophil cell types and Staphylococcus and Streptococcus bacterial genera. In looking at the relationship between bacteria classified by gram status and maternally derived cells, one moderate canonical correlation was noted (r = .45, p = .0166) and accounted for 91% of the variability (see Supplementary  Figure 3 ). Gram-positive bacteria seemed to dominate this relationship, along with MSE and neutrophil cell types (see Table 7 ).
Discussion
Our findings provide supporting evidence that complex bacterial communities in milk are associated with variation in maternally derived cells, nutrients, and HMO profiles. Our participants were generally representative of relatively healthy U.S. women, as evidenced by the demographic and anthropometric data. Furthermore, SCCs were within normal ranges reported previously for healthy lactating women (Goldman, 1993; Goldman & Goldblum, 1997; Trend et al., 2015) , and milk lipid, protein, oligosaccharide, and lactose concentrations fell within normal ranges (Jensen, 1995) . As such, we expect our results to apply to other healthy lactating women, although additional larger studies involving more ethnically diverse women will be needed to confirm this.
The immune cells in milk have long been thought to mitigate bacterial growth and/or keep surveillance on the bacteria encountered in the mammary gland such that infection does not develop (Johnson, France, Marmer, & Steele, 1980; Robinson, Harvey, & Soothill, 1978) . However, with the advent of molecular methods, it is now generally accepted that human milk (including that produced by healthy women) contains a diverse community of bacteria with concentrations from 10 3 to 10 6 cells/ml (Boix-Amorós et al., 2016; Heikkilä & Saris, 2003) . The relationships between the concentration and profile of immune cells and variation in this diverse bacterial community have not been well studied. Only recently, Boix-Amorós and coworkers (2016) examined the correlation between total SCCs and microbiota in human milk; they found a positive correlation between relative abundance of Staphylococcus and SCC. In our study, we observed a weak positive correlation between Staphylococcus and neutrophil concentration but not an association with SCC or with any of the concentrations of the cells identified. It is unclear as to why this discrepancy exists between studies, but it is possible that differences in time postpartum might be important. Future studies focused on this topic should strive to include analyses of other markers of local and systemic inflammation and better evaluate whether time postpartum influences the relationships of interest.
Gram-negative and gram-positive bacteria elicit different innate immune responses from the host (Bannerman, 2009; Skovbjerg et al., 2010) . As such, we investigated whether relative abundances of bacteria grouped by gram status were associated with the distribution of maternal cells in milk. Indeed, CCA indicated that combinations of gram-negative and primarily gram-positive bacteria are moderately associated with various classifications of host cells such as MSE and neutrophils. The ramification of this association, however, especially in healthy milk is currently unknown. The complex structure of bacterial communities along with a stable, but varied host-cell profile may mitigate the risk of infection in the mammary gland. The relative abundance of gram-positive bacteria was also positively associated with both absolute concentration of neutrophils and negatively associated with relative concentration of MSE, suggesting that the presence of different types of bacteria may moderate the inflammatory response such that a balanced immune response is mounted in the mammary gland and homeostasis is maintained. When dysbiosis occurs in the mammary gland milieu or certain bacteria gain an advantage and overgrowth occurs, diseases such as mastitis may be manifested. The mechanisms whereby these events are triggered are not well understood, and studies investigating the relationships between the milk bacterial community composition and milk cytokine/chemokine composition are warranted.
Because both immune cell and bacterial community composition of milk are likely linked, other downstream effects of individualized composition of bacteria, cells, and HMOs on lactation could also be important. For example, GouonEvans, Lin, and Pollard (2002) and others (Gjorevski & Nelson, 2011; Reed & Schwertfeger, 2010) have demonstrated that macrophages play a role in mammary gland development during puberty. Although hormones such as prolactin and progesterone are also involved, the effect of immune cells and/or bacteria in structuring mammary architecture during lactation has not been studied and can only be speculated on. Nonetheless, it is intriguing to consider that, just as signals such as colony-stimulating factor 1 from macrophages promote terminal bud synthesis in the developing gland (Gouon-Evans et al., 2002) , signals from immune cell populations potentially shaped by the milk microbiome may mitigate continuing morphogenesis or maintenance of the secretory alveolar system during lactation. Further research is needed to investigate these potential actions of the immune cells on proliferating mammary cells.
Researchers have long posited that the mammary gland has several complex mechanisms that work in concert to protect it from microbial infection (Rainard & Riollet, 2006; Sordillo, Shafer-Weaver, & DeRosa, 1997) . Presence of immune cells provides one such mechanism, but perhaps commensal bacteria may also be involved. Vong, Lorentz, Assa, Glogauer, and Sherman (2014) demonstrated that coculture of Lactobacillus rhamnosus strain GG with neutrophils resulted in decreased production of reactive oxygen species and formation of neutrophil extracellular traps. The researchers hypothesized that this may change the local innate immune response and help protect against adverse intestinal inflammation. We posit that a similar relationship exists in the mammary gland. Other components in milk such as HMOs also affect innate and/or adaptive immune responses to bacteria and thus may influence the composition of immune cells present in milk. For instance, HMOs can block pathogen binding to host cell-surface glycans and receptors and alter the immunomodulatory response of various cell types such as peripheral blood mononuclear cells (Comstock, Wang, Hester, Li, & Donovan, 2014) and intestinal epithelial cells (He et al., 2016; Lane, O'Callaghan, Carrington, & Hickey, 2013) . In our study, we found few associations between the cellular components of milk and HMOs. However, it should be noted that there were only 16 samples (1 from each woman) analyzed. Future studies are necessary to investigate more thoroughly the repercussions of various HMOs on cytokine production and activation and other immunomodulatory factors of cells in the mammary gland.
Limitations
There are several limitations to this study that should be taken into account when interpreting its findings. For instance, the sample size for the HMO analysis was small, with only 16 samples (1 from each woman) analyzed. In addition, an increased number of milk samples collected from each woman as well as an increased number of women studied would have provided increased confidence in the relationships that we did or did not observe. It is also worth noting that we studied a relatively homogeneous group of women in terms of ethnicity (which was, unfortunately, not formally characterized), socioeconomic status, and demographics. Future studies should endeavor to expand the heterogeneity of the women studied. In addition, we did not consider possible influences of breastfeeding exclusivity, introduction of supplementary foods, and infant health status on our outcome variables; all of these factors might influence milk composition and should be better controlled for in subsequent research. Nonetheless, although much work remains to be conducted to understand the relationships described in this study and determine whether or not they are applicable to other groups of women, our findings serve to guide and generate future hypotheses on the relationships between milk's cellular components and other milk constituents such as microbial communities and complex carbohydrates.
Conclusion
In summary, our results suggest that a complex interaction may exist among the maternally derived cells, bacteria, and nutrients in human milk, and we posit that this interaction may help maintain homeostasis in the lactating mammary gland. However, it is unknown whether the different bacterial populations in milk are responsible for driving the variation in immune cell profile in the mammary gland or vice versa. More studies are needed to discern the mechanisms by which both bacterial communities and immune cell populations are regulated within the mammary gland during lactation, and dietary intervention studies will be needed to assess the potential moderating effect of maternal nutrition on this complex interaction.
